The objective of this study was to identify specific redoxrelated genes whose function contributes to oocyte quality and to characterize the role of redox homeostasis in oocyte development. We determined the redox genes glutaredoxin 2 (GLRX2), protein disulfide isomerase family A, members 4 and 6 (PDIA4, PDIA6), and thioredoxin reductase 1 (TXNRD1) were differentially expressed between adult (more competent) and prepubertal (less competent) porcine in vitro-matured (IVM) oocytes. The association between these genes and oocyte quality was further validated by comparing transcript abundance in IVM with that in in vivo-matured (VVM) prepubertal and adult oocytes. By maturing oocytes in variable redox environments, we demonstrated that a balanced redox environment is important for oocyte quality, and over-reduction of the environment is as detrimental as excess oxidation. Critical levels of reactive oxygen species (ROS) and glutathione (GSH) are required for oocyte competence. Elevated GSH and lower ROS in prepubertal oocytes suggest disrupted redox homeostasis exists in these cells. By further comparing GLRX2, PDIA4, PDIA6, and TXNRD1 expression levels in oocytes matured under these different redox environments, we found aberrant expression patterns in prepubertal oocytes but not in adult oocytes when the maturation medium contained high concentrations of antioxidants. These results suggest that prepubertal oocytes are less competent in regulating redox balance than adult oocytes, contributing to lower oocyte quality. In conclusion, aberrant redox gene expression patterns and disrupted redox homeostasis contribute to decreased developmental competence in prepubertal and IVM porcine oocytes. The balance between ROS and GSH plays an important role in oocyte quality. gene expression, in vitro maturation, IVM, oocyte, porcine, pig, redox homeostasis
INTRODUCTION
Oocyte in vitro maturation (IVM) holds great promise as a tool for providing more viable oocytes for embryo production in agriculture and for enhancing infertility treatment in human medicine. However, in many species, oocytes matured in vitro are less competent in supporting subsequent embryonic development than oocytes matured in vivo [1] [2] [3] [4] . This suggests that current maturation conditions do not support the development of a fully competent oocyte. The establishment of oocyte competence during maturation is highly complex, requiring completion of both nuclear and cytoplasmic maturation. Many IVM oocytes can successfully complete meiosis but fail to complete preimplantation embryonic development, indicating incomplete cytoplasmic maturation [5] . During the early stages of oocyte growth, oocytes accumulate a large amount of transcripts that are fundamentally important for oocyte maturation and embryonic development [6, 7] . After oocytes resume meiosis, most transcription is silenced [8] . Based on gene function, a selective degradation of transcripts occurs during oocyte meiotic maturation [9] . Thus, appropriate transcript storage and degradation are both important for oocytes to establish correct transcript profiles to support normal development after maturation and fertilization.
Reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ), hydroxyl radicals (ÁOH), superoxide anions (O 2 À ), and nitric oxide (NO) are produced during normal cellular metabolism and accumulated indirectly from the surrounding environment. ROS are highly reactive and are known to cause widespread damage to proteins, nucleic acids, lipids, and other biomolecules [10] . Cells have intrinsic antioxidant mechanisms to counteract this problem, including catalases [11] , superoxide dismutases [12] , and peroxidases [13] . In addition, there are small thiol molecules that act to maintain the redox balance of cells. Two major thiol-redox systems (thioredoxin and glutaredoxin) maintain the reducing capacity of the cytosol and prevent unwanted disulfide bond formation in proteins [14] . The thioredoxin system consists of the thioredoxin reductase (TXNRD1) and thioredoxin (TXN) genes. The glutaredoxin system is composed mainly of the glutathione reductase (GSR) gene, glutathione (GSH), and three glutaredoxin genes (GLRX, GLRX2, and GLRX3) [14] . Glutathione is the major redox buffer in the cytoplasm that is responsible for reducing disulfide bonds in cytosolic proteins, providing cells with a reduced environment and protecting against oxidative stress [15, 16] . When ROS concentrations rise above a threshold level, antioxidant mechanisms are not sufficient to prevent oxidative damage, resulting in oxidation of protein thiols and rapid formation of disulfide bonds [17] , putting the cell into a state of oxidative stress [18] . To maintain the proper redox balance and prevent oxidative stress to oocytes, small thiol compounds, such as cysteine (Cys) and cystine, cysteamine, or b-mercaptoethanol, can be added to the maturation medium. GSH is a tripeptide synthesized from the amino acids L-cysteine, L-glutamic acid, and glycine. Cysteine is the rate-limiting substrate of GSH synthesis. It is unstable in culture medium and can be easily oxidized to cystine. Cysteamine and b-mercaptoethanol can reduce cystine to Cys, keeping Cys and thus GSH levels high. Therefore, supplementation of these small thiols during oocyte IVM may stimulate GSH synthesis and thus improve embryo development to the blastocyst stage [19, 20] .
Maternal age has a significant influence on oocyte developmental competence. In the pig, oocyte competence is progressively obtained as females undergo puberty and the first several estrous cycles [21] . Therefore, it is an excellent model in which to study the mechanisms of oocyte developmental competence. In pigs, oocytes derived from prepubertal gilts have decreased meiotic maturation, increased incidence of polyspermy, and compromised embryonic development compared to that of adult derived oocytes in an IVM and culture system [22] . This may be due, in part, to the reduced ability of gilt oocytes to successfully respond to the challenges of the in vitro environment. However, there is evidence to suggest that first-estrous gilt oocytes are inherently less competent, even when matured and fertilized in vivo [23] [24] [25] . It is possible that redox regulation pathways may not be fully developed in prepubertal oocytes, partially contributing to the decreased developmental competence observed. We hypothesize that by comparing redox-related gene expression levels of prepubertal oocytes with those of adult-derived oocytes, important redox regulation mechanisms in oocytes can be identified. Ultimately, effective strategies can be developed to alter these critical pathways and improve oocyte competence.
MATERIALS AND METHODS

Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless specified otherwise.
Animals
All procedures were approved by the University of Illinois Institutional Animal Care and Use Committee and have been judged to minimize discomfort, distress, injury, and pain.
Oocyte In Vitro Maturation
Porcine ovaries were collected from prepubertal gilts or adult sows at local abattoirs (Indiana Packers Corp., Delphi, IN, and Momence Packing Co., Momence, IL, respectively) and transported to the laboratory in 0.9% (w/v) NaCl at 308C-348C. Prepubertal ovaries were confirmed by the absence of luteal tissue. Cumulus-oocyte complexes (COCs) were aspirated from 3-to 8-mm follicles, using an 18-gauge needle. Oocytes with several layers of unexpanded cumulus cells and evenly dark cytoplasm were selected and washed in HEPES-buffered synthetic oviductal fluid supplemented with 0.1% bovine serum albumin (BSA) (SOF-HEPES) [26] . Selected COCs were matured in vitro in modified Purdue porcine medium for maturation (PPMmat) [27] [28] [29] containing 2 mM glucose, 6 mM lactate, 0.2 mM pyruvate, 0.34 mM cysteamine, 0.5 mg/ml recombinant human albumin (Recombumin, Vitrolife, Kungsbacka, Sweden), 0.2% w/v fetuin, 50 ng/ml epidermal growth factor, 0.01 units/ml each luteinizing hormone and follicle-stimulating hormone (Sioux Biochemicals, Sioux City, IA) for 42 to 44 h at 38.78C in 7% CO 2 in humidified air. In experiment 4 (below), sow COCs were ordered from Applied Reproductive Technology (Madison, WI) and shipped overnight to the laboratory in a portable incubator. COCs were matured in plastic cryotubes for the first 24 h during shipment in equilibrated PPMmat, and then COCs were transferred into culture dishes and matured for another 18 to 20 h in an incubator at 38.78C in 7% CO 2 in humidified air, in the same medium. Prepubertal COCs in this experiment were collected from ovaries from a local abattoir and matured under the same conditions as adult COCs.
Identification of Meiotic Maturation
After maturation, COCs were vortexed for 3 min in SOF-HEPES with 0.01% (w/v; 80-160 units/ml) hyaluronidase and washed three times in SOF-HEPES. For determination of meiotic status, denuded oocytes were mounted, fixed in chloroform:acetic acid:ethanol (1:3:6, v/v/v) for 72 h, and stained with 1% (w/v) orcein in 40% (v/v) acetic acid. Oocytes were examined for meiotic stage at 4003 magnification. Oocytes reaching telophase or metaphase II (MII) were considered mature.
In Vitro Fertilization and Embryo Culture
After maturation, oocytes were denuded of surrounding cumulus cells as described above, washed three times in modified Tris-buffered medium (mTBM) [30] supplemented with 2 mM caffeine, 0.2% (w/v) fraction V BSA, and 13 PSA (100 U penicillin, 100 lg streptomycin, 0.25 lg amphotericin B; Invitrogen, Carlsbad, CA). Oocytes were placed into 50-ll drops of mTBM under 10 ml of embryo-tested, washed mineral oil (20 oocytes/drop). Fresh ejaculated semen from a single boar was collected weekly. Chilled and extended semen (1:5 dilution; Androhep EnduraGuard; Minitube of America Inc., Verona, WI) was warmed at 378C for 20 min, and then 500 ll of warmed semen was placed onto a gradient of 45%:90% Percoll (GE Healthcare Life Sciences, Uppsala, Sweden) and centrifuged for 20 min at 700 3 g. The supernatant was removed, and the remaining sperm pellet was washed twice with 5 ml of Dulbecco PBS (D-PBS; Invitrogen) by centrifugation for 5 min at 1000 3 g. Sperm were then diluted (1 3 10 6 sperm/ml) in mTBM and added (50 ll) to fertilization drops containing oocytes for a final sperm concentration of 5 3 10 5 sperm/ml in 100 ll. Gametes were co-incubated for 5 h at 38.78C in 6% CO 2 in humidified air. After co-incubation, presumptive zygotes were washed three times and cultured in 50 ll of North Carolina State University (NCSU) 23 medium (10 zygotes/drop) containing 0.4% crystallized BSA (MP Biomedicals, Solon, OH) under 10 ml of mineral oil in 6% CO 2 , 10% O 2 , balance N 2 for 6 days, when embryonic cleavage and blastocyst development were determined. Blastocysts were stained with 0.01 mg/ml Hoechst 33342 dye overnight to determine total blastocyst cell number under fluorescence at 4003 magnification.
In Vivo-Matured Oocyte Collection
The animals' estrous cycles were synchronized by feeding them 15 mg/day of the oral progestin altrenogest (Matrix; Intervet America Inc., Millsboro, DE) for 14-18 days. On the day following the final day of progestin feeding, females received 1000 IU of equine chorionic gonadotropin (Calbiochem, La Jolla, CA) followed in 72 h by 1000 IU of human chorionic gonadotropin (hCG; Calbiochem). Surgical oocyte retrieval was performed 40 h post-hCG injection. Pigs were restrained with a limp rope snare and injected with an initial intramuscular injection of 3 ml of anesthetic cocktail consisting of 5.88 mg/kg ketamine, 1.4 mg/kg Telazol (tiletamine/zolazepam, 50 mg/ml each; Fort Dodge Animal Health, Fort Dodge, IA), 2.94 mg/kg xylazine, and 0.088 mg/kg atropine, followed by an intravenous injection of 7 ml of the same solution via ear vein cannula. Endotracheal tubes were inserted into the nares for connection to the anesthesia apparatus, supplying oxygen (1 L/min) and 5% halothane. A midline, lower abdominal incision was made through the body wall, the oviduct and part of the uterus was exteriorized, and oocytes were recovered via retrograde flush of the oviducts by using approximately 20 ml of warm SOF-HEPES. If necessary, oocytes were denuded as described above.
Oocyte Quantitative PCR
In experiments 1 and 2 (see below), MII oocytes were visually identified by extrusion of the first polar body before they were frozen at À808C with lysis buffer (Dynabeads; mRNA Direct kit; Invitrogen). Three separate pools of 20 oocytes each were collected in each treatment for quantitative (q)PCR analysis. RNA extraction, qPCR, and primer design were performed as previously described [31] [32] [33] . Current gene annotations were obtained from GenBank, and primers were designed for qPCR using Primer3 version 0.4.0 (http://frodo.wi. mit.edu/) [34] . Accession number, primer sequence, and product lengths of target genes are presented in Table 1 . Information about primers for GAPDH was previously reported [33] . In experiment 7 (see below), MII oocytes identified by extrusion of the first polar body were frozen at À808C with lysis buffer (Arcturus PicoPure RNA isolation kit; Applied Biosystems, Foster City, CA). Three separate pools of 20 oocytes each were collected for each treatment for qPCR analysis. Total RNA was extracted using the PicoPure kit (Applied Biosystems) as described in the manufacturer's protocol with an additional DNase treatment to prevent genomic DNA contamination. cDNA synthesis was performed by RT reaction (Sensiscript RT kit; Qiagen, Valencia, CA) with random hexamer primers. Target genes were analyzed using QuantiFast SYBR Green PCR reagents (Qiagen) on a MasterCycler Realplex 2 machine (Eppendorf North America, Inc., Westbury, NY). A standard curve was generated from serial dilutions of EcoRI-digested plasmids (10 7 -10 1 molecules), and the efficiency of the primers was calculated.
Assay of GSH Content
In experiment 3 (see below), total GSH content was measured by the dithiobisnitrobenzoic acid (DTNB)-glutathione disulfide reductase-recycling YUAN ET AL.
assay [29, 35] . After IVM, MII oocytes, identified by extrusion of the first polar body, were frozen at À808C in groups of 30 with 0.4 M NaPO 4 buffer containing 10 mM EDTA. When the assay was performed, 45 ll of water was added to each sample tube, including a cell-free medium blank tube, and samples were loaded into a 96-well plate. GSH standards (50 ll of water with 0.4-200 pmol GSH) were also prepared and added to individual wells. DTNB (1 mM, 5 ml), NADPH (1 mM, 5 ml), and glutathione reductase (200 U/ml, 0.1 ml) was added in an assay buffer (200 mM NaPO4, 1 mM EDTA, pH 7.5) to make the reaction mixture, and 100 ll was added to each well to initiate the reaction. Absorbance was measured five times by spectrophotometer at 30-sec intervals at 412 nm. Data from the time point giving the best standard curve were used. GSH concentrations in the samples (pmol/oocyte) were computed from the standard curve and the number of oocytes in each well.
In experiment 5 (see below), total GSH content was measured using the DetectX glutathione fluorescence detection kit (Arbor Assays, Ann Arbor, MI). Briefly, oocytes from each treatment were collected at 0, 24, and 44 h postmaturation (hpm). Oocytes were denuded and frozen at À808C in groups of 30 with 5% (w/v) aqueous 5-sulfo-salicylic acid dehydrate solution. Oocytes were then lysed and de-proteinized by vigorous vortexing and freeze-thaw cycles. Oocytes were incubated at 48C for 10 min and then centrifuged for 10 min at 14,000 rpm and 48C. The centrifuged supernatants were diluted 1:5 with assay buffer and used to determine total GSH content as described in the manufacturer's protocol.
Detection of ROS Concentration in Oocytes
ROS concentration in oocytes was measured using the Image-iT Live Green ROS detection kit (Invitrogen). Briefly, oocytes from each treatment were collected at 0, 24, and 44 hpm. Oocytes were denuded and washed three times in D-PBS supplemented with 0.1% BSA. Oocytes were then incubated with 25 lM 5-and 6-carboxy-2 0 ,7 0 -dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA) in D-PBS with 0.1% BSA for 30 min. Subsequently, oocytes were washed with D-PBS with 0.1% BSA three times and placed on glass slides with D-PBS and covered with cover slips. Digital photographs were obtained 5 sec after excitation of oocytes at 480 nm and emission at 510 nm on a fluorescent microscope. Intensity of florescence in each oocyte was measured by ImageJ version 1.43u software [36] , which indicated the ROS concentration in each oocyte.
Experimental Design Experiment 1. Transcript abundance levels of 13 redox genes, GLRX2, glutathione reductase (GSR), PDIA4, PDIA6, sulfiredoxin 1 (SRXN1), TXNRD1, adaptor-related protein complex 1, beta 1 subunit (AP1B1), glutathione peroxidase 1 (GPX1), glutathione synthetase (GSS), glutathione S-transferase omega 1 (GSTO1), quiescin Q6 sulfhydryl oxidase 1 (QSOX1), thioredoxin (TXN), and glutaredoxin (GLRX) were compared between prepubertal and adult-derived IVM MII oocytes to identify redox genes that were reflective of oocyte competence. Each treatment was replicated three times, with 20 oocytes per pool in each replicate.
Experiment 2. To further validate a selected subset of redox genes from experiment 1, transcript abundance levels of the selected genes GLRX2, PDIA4, PDIA6, and TXNRD1 were compared between IVM and VVM MII oocytes collected from both prepubertal and adult females (2 3 2 factorial design). In vivo-matured MII oocytes were collected from 6 prepubertal and 6 adult females. In each treatment, oocytes were pooled in 3 separate replicates with 20 oocytes per replicate.
Experiment 3. Total GSH content amounts were compared between prepubertal and adult-derived IVM MII oocytes. In each treatment, oocytes were pooled in 4 separate replicates with 30 oocytes per replicate.
Experiment 4. Intracellular ROS concentrations were compared between prepuberty-and adult-derived IVM MII oocytes. A total of two replicates with 66 adult IVM MII oocytes and 81 preubertal IVM MII oocytes were performed in this experiment.
Experiment 5. Adult oocytes were matured in vitro in variable redox environments, and nuclear maturation and subsequent developmental competence were examined. The basic maturation medium was PPMmat supplemented with 1 mM hypoxanthine. The hypoxanthine-xanthine oxidase (XOD) system was used to generate ROS at three different concentrations: XOD0 (0 mU), XOD1 (1 mU), and XOD10 (10 mU). In each XOD treatment, two different concentrations of Cys were added as an antioxidant: Cys1, consisting of our standard IVM concentration, 0.57 mM; and Cys2, double the standard concentration, 1.14 mM. This resulted in six experimental treatments in a 3 3 2 factorial design; XOD0-Cys1 was considered the control. A total of three replicates with 442 oocytes (20-30 oocytes/treatment/replicate) were performed to determine nuclear maturation. A total of four replicates with 1219 oocytes (40-60 oocytes/treatment/replicate) were performed to assess embryonic development after IVF/C. Experiment 6. Because the 1 mU/ml XOD treatment had no effect on either meiotic maturation or blastocyst formation, in subsequent experiments, the intracellular GSH and ROS concentrations were tested only in the four treatments representing the most widely divergent redox environments: control (XOD0-Cys1), reducing (XOD0-Cys2), oxidative (XOD10-Cys1), and rescue (XOD10-Cys2) treatments. Adult oocytes matured in control, reducing, oxidative, and rescue treatments were randomly sampled from each treatment at 0, 24, and 44 hpm to assess total GSH content. A total of four replicates with 1080 oocytes (20-30 oocytes/treatment/replicate) were performed. Experiment 7. Adult oocytes matured in control, reducing, oxidative, and rescue treatments were randomly sampled from each treatment at 0, 24, and 44 hpm to examine ROS concentration. A total of three replicates with 619 oocytes (20-30 oocytes/treatment/replicate) were performed in this experiment.
Experiment 8. Adult and prepubertal oocytes were matured in different redox environments: control, reducing, oxidative, and rescue treatments. After IVM, MII adult and prepubertal oocytes were collected, and transcript abundance levels of our selected subset of redox genes from experiment 1 were compared. In each treatment, oocytes were pooled in three separate replicates with 20 oocytes per replicate.
Statistical Analysis
For qPCR results in experiments 1 and 2, the mRNA abundance levels of a target gene were normalized to an internal control, GAPDH, for sample-tosample comparisons. In experiment 8, the qPCR results were similarly normalized to 18S RNA. Relative expression ratios were obtained by the comparative threshold cycle method [37] . Data were analyzed using the relative expression tool REST 2009 version 2.0.13 software [38] . GSH content (experiments 3 and 5) and ROS concentration (experiments 4 and 6) values were analyzed using one-way ANOVA, with treatment included in the model as a fixed factor. Differences were determined by Bonferroni (all-pairwise) multiple comparison test when treatment was significant. In experiment 5, REDOX HOMEOSTASIS CONTRIBUTES TO OOCYTE QUALITY percentages of maturation, embryonic cleavage, and blastocyst development, as well as blastocyst total cell number were analyzed using two-way ANOVA, with maturation treatment included in the model as a fixed factor and replicate as a random factor. Percentage of data (maturation success, embryonic cleavage, and blastocyst development) were arc-sine transformed. Differences were determined by using Fisher LSD multiple comparison test when treatment was significant. Significance was determined as P , 0.05. Data are means 6 SEM.
RESULTS
Experiment 1. Comparative Gene Expression in IVM Oocytes Derived from Prepubertal and Adult Females
Transcript abundance levels of 13 redox genes in IVM oocytes derived from adult animals were compared to those from prepubertal animals by qPCR. Analysis of gene expression showed that the glutaredoxin 2 (GLRX2), protein disulfide isomerase 4 (PDIA4), protein disulfide isomerase 6 (PDIA6), and thioredoxin reductase 1 (TXNRD1) genes were more highly expressed in prepuberty-derived oocytes (P , 0.05). No differences were found for the remaining analyzed transcripts (GSR, SRXN1, AP1B1, GPX1, GSS, GSTO1, QSOX1, GLRX) (Fig. 1) . Transcripts from all genes examined, with the exception of SRXN1, were more abundant in prepuberty-derived oocytes, even if not differentially expressed.
Experiment 2. Comparative Gene Expression in IVM and VVM Oocytes Derived from Prepubertal and Adult Females
Based on results from experiment 1, GLRX2, PDIA4, PDIA6, and TXNRD1 were considered to be associated with oocyte competence, and the expression patterns of these genes in IVM were compared with those in VVM oocytes obtained from both prepubertal and adult animals. The comparison between IVM prepubertal and adult MII oocytes confirmed that GLRX2, PIDA4, and TXNRD1 expression levels were upregulated in IVM prepubertal oocytes, whereas PDIA6 was not differentially expressed in this experiment ( Table 2 ). The discrepancies in PDIA6 expression levels between experiments 1 and 2 may be a result of the independent pools of cDNA used for each experiment. When expression patterns of these four genes were compared between IVM and VVM prepubertal oocytes, GLRX2, PDIA4, and TXNRD1 levels were upregulated, and PDIA6 expression was downregulated in IVM prepubertal oocytes. Comparison between IVM and VVM adult oocytes revealed that GLRX2, PDIA4, and PDIA6 were downregulated in IVM adult oocytes, and TXNRD1 was not differentially expressed. When we compared the gene expression patterns between VVM prepubertal and adult oocytes, PDIA4, PDIA6, and TXNRD1 were not differentially expressed. Only GLRX2 was downregulated in VVM prepubertal oocytes (Table 2) .
FIG. 1. Expression of 13 redox-related genes in IVM oocytes from prepubertal pigs was compared to that in adult pigs, determined by qPCR analyses, and relative to GAPDH. Bars above the x axis represent genes that were upregulated in prepubertal oocytes; bars below the x axis represent genes that were upregulated in adult oocytes. *Significant differences between gene expression in prepubertal and in adult oocytes (P , 0.05). YUAN ET AL.
Experiment 3. Comparison of Total GSH Content in IVM MII Oocytes Derived from Prepubertal and Adult Animals
Total GSH content was significantly higher in prepubertal MII oocytes than in adult MII oocytes after IVM (7.0 6 0.6 pmol/oocyte and 5.8 6 0.4 pmol/oocyte, respectively).
Experiment 4. Comparison of Intracellular ROS Concentration in IVM MII Oocytes Derived from Prepubertal and Adult Animals
The concentration of ROS tended (P ¼ 0.08) to be lower in prepubertal MII oocytes than in adult MII oocytes after IVM (10.1 6 0.2 units/oocyte and 13.3 6 0.4 units/oocyte, respectively).
Experiment 5. Effect of Variable Redox Environments on Adult-Derived Oocyte Nuclear Maturation and Developmental Competence
There were no significant differences in the percentages of meiotic maturation to MII between oocytes treated with 1mU/ ml XOD and those treated without XOD, regardless of Cys supplementation. However, maturation was significantly decreased when oocytes were treated with 10 mU/ml XOD (Table  3) . Supplementation with additional Cys could not rescue maturation. Embryonic cleavage of oocytes treated with 10 mU/ml XOD was also significantly decreased compared to that of control and also could not be rescued by additional Cys (Table 3) . Blastocyst development was significantly decreased when oocytes were treated with extra Cys alone (XOD0-Cys2) or with 10 mU/ml XOD without extra Cys (XOD10-Cys1) compared to control ( Table 3 ). The deleterious effect of 10 mU/ ml XOD could be somewhat negated by adding extra antioxidant capacity to the environment (XOD10-Cys2); this treatment was not significantly different than that with control (Table 3 ). There were no differences in the percentages of blastocyst development of cleaved embryos or blastocyst total cell numbers between treatments (P . 0.05) ( Table 3 ).
Experiment 6. Effect of Variable Redox Environments on the Total GSH Content of Adult Oocytes During IVM
Total GSH content in mature control adult oocytes significantly increased during IVM (2.5 6 0.3 pmol/oocyte at 0 hpm, 7.8 6 2.0 pmol/oocyte at 24 hpm, and 11.7 6 0.4 at 44 hpm) (Fig. 2) . Extra Cys alone (XOD0-Cys2) did not influence total oocyte GSH content at either 24 hpm or 44 hpm compared with control (7.6 6 0.2 pmol/oocyte and 10.5 6 0.4 pmol/oocyte, respectively; P . 0.05). Oocytes treated with 10 mU/ml XOD (XOD10-Cys1) had significantly lower total GSH content at both 24 hpm and 44 hpm than control (5.6 6 0.7 pmol/oocyte at 24 hpm and 7.0 6 1.3 pmol/oocyte at 44 hpm). Extra Cys could not rescue the decreased total GSH content in oocytes treated with 10 mU/ml XOD (XOD10-Cys2) at either 24 hpm or 44 hpm (4.8 6 1.0 pmol/oocyte and 6.5 6 0.8 pmol/oocyte, respectively; Fig. 2 ).
Experiment 7. Effect of Variable Redox Environments on the ROS Concentration of Adult Oocytes During IVM
ROS concentration in control (XOD0-Cys1) oocytes decreased significantly during IVM (87.3 6 5.2 units/oocyte at 0 hpm, 52.3 6 4.1 units/oocyte at 24 hpm, and 26.8 6 2.1 units/oocyte at 44 hpm) (Fig. 3 ). Oocytes treated with extra Cys alone (XOD0-Cys2) had significantly decreased ROS (Fig. 3) .
Experiment 8. Effect of Variable Redox Environments on Redox Gene Expression in Prepubertal and Adult MII Oocytes
Expression of all four redox-related genes tested were downregulated in prepubertal oocytes matured with extra Cys alone (XOD0-Cys2) compared to that in control (XOD0-Cys1). However, none of the redox genes was differentially expressed in adult oocytes matured under the same conditions (XOD0-Cys2) compared to those in control (XOD0-Cys1) (Fig. 4A) . When oocytes were matured with 10 mU/ml XOD without extra Cys (XOD10-Cys1), none of the redox genes was differentially expressed in prepubertal oocytes, and only GLRX2 expression was downregulated in adult oocytes compared to that in control (XOD0-Cys1) (Fig. 4B ). When treated with 10 mU/ml XOD with extra Cys (XOD10-Cys2), all redox genes except PDIA6 were downregulated in prepubertal oocytes compared to control (XOD0-Cys1). Again, none of the redox genes was differentially expressed in adult oocytes under the same conditions (Fig. 4C) .
DISCUSSION
The differential expression of four redox-related genes identified in both of our oocyte competence models, the prepubertal-adult IVM model (experiment 1) and the in vivo-in vitro matured model (experiment 2), suggests that these genes are related to oocyte competence. Functional evidence of the important role of redox balance to oocyte quality is demonstrated by the decreased development to blastocyst of oocytes matured in a reduced environment, which contain reduced levels of ROS, as well as oocytes matured in an oxidatively stressed environment, which had reduced GSH content. Finally, our data demonstrate that the reduced developmental competence of prepubertal oocytes in an IVM system is due, at least in part, to an inability of these oocytes to successfully cope with redox stress.
When we compared gene expression between in vitro-and in vivo-matured oocytes, all four genes were differentially expressed in prepubertal oocytes, and three genes were differentially expressed in adult oocytes, suggesting that both types of oocytes are oxidatively stressed in an in vitro environment. However, while IVM of adult oocytes resulted in a reduction of redox gene transcripts, these transcripts were primarily more abundant in prepuberty-derived oocytes. Given that only GLRX2 was differentially expressed between adult and prepubertal oocytes matured in vivo, the differences observed after IVM are a result of adaptation to the in vitro environment. We hypothesize that this difference in the reaction of adult-and prepuberty-derived oocytes to the oxidative stress of the in vitro environment is related to differences in the maturity of cellular mechanisms between these two types of oocytes, resulting in a differential ability to cope with in vitro redox stress [32] . These results also suggest that the in vivo environment may not be a cause of stress and reduced oocyte quality in prepubertal females under in vivo conditions. Because the abundance of transcripts for these genes is similar between adult-and prepuberty-derived oocytes in vivo and the adaptation of the oocyte to the in vitro environment results in differential transcript abundance in different directions between the two maternal ages examined, it follows that a comparison of these two types of oocytes, both matured in vitro, would reflect those directional transcript abundances. This is indeed what we observed, as these transcripts are primarily upregulated in the prepuberty-derived oocytes compared to adult oocytes matured in vitro. This does not hold true only for PDIA6, which was the only gene downregulated in both types of oocytes after maturation in the in vitro environment. In summary, we suggest that prepubertal oocytes are less able to maintain an appropriate redox balance in the in vitro environment, resulting in reduced oocyte quality following IVM compared to adult oocytes.
Among the four redox genes associated with oocyte competence in this study, GLRX2 belongs to the oxidoreductase family that participates in a variety of cellular redox reactions. GLRX2 can prevent H 2 O 2 -induced cell apoptosis by protecting complex I activity in the mitochondria [39] . PDIA4 and PDIA6 are members of protein disulfide isomerase family A, which catalyze the formation and breakage of disulfide bonds between Cys residues within proteins as they fold [40] . TXNRD1 is the only enzyme known to catalyze the reduction of thioredoxin and is a central component in the thioredoxin system [41] . The upregulation of these redox genes in oocytes derived from prepubertal females following maturation in vitro may be indicative of an inappropriate response to redox stress. In accordance with this hypothesis, a novel finding of our study was that total GSH content was significantly higher in prepubertal than adult IVM oocytes and there was a trend toward lower intracellular ROS concentration in prepubertal oocytes than in adult IVM oocytes. In contrast, in vivo-matured oocytes from multiestrous gilts had higher concentrations of GSH than oocytes from first-estrous gilts [21] . An increase in GSH may be an important component of acquisition of oocyte competence in vivo. However, in the in vitro system, prepubertal oocytes may overreact to the oxidative stress of   FIG. 4 . Effect of variable redox environments during IVM on redox-related gene expression in mature oocytes. Transcript abundance in both prepubertal and adult oocytes matured in a reducing (XOD0-Cys2, A), oxidative (XOD10-Cys1, B), or rescue (XOD10-Cys2, C) treatment was compared with that in oocytes in the control group (XOD0-Cys1). Gene expression of the control group was set to 1. The relative expression of genes in each treatment versus the control group was determined by qPCR analysis and is relative to that of 18S. *Significant differences in gene expression between treatment and control group within maternal age (prepubertal or adult) (P , 0.05).
REDOX HOMEOSTASIS CONTRIBUTES TO OOCYTE QUALITY the in vitro environment, leading to an excessive production of GSH in an attempt to counteract oxidative stress and resulting in dysregulation of redox homeostasis that ultimately compromises oocyte competence. Previous work reported that addition of cysteamine during IVM of prepubertal mouse oocytes had no effect on subsequent embryo development, although supplementation of cysteamine during IVM of adult mouse oocytes improved development [42] . Cysteamine is a lowmolecular-weight thiol compound that can reduce cystine to Cys and enhance oocyte GSH synthesis [43, 44] . The reason why cysteamine failed to improve prepubertal oocytes competence in that study remains elusive. Based on our results, prepubertal oocytes may aberrantly produce excessive GSH during IVM, such that supplementation with cysteamine does not enhance subsequent embryo development. Overall, there are demonstrated beneficial effects of addition of cysteamine to the maturation medium in several species [42, [45] [46] [47] [48] [49] . Interestingly, in goat oocytes, supplementation of a high level of cysteamine and Cys in maturation medium increased intracellular GSH, but blastocyst formation was decreased [49] . These data support our results, suggesting that too high a level of GSH upsets redox homeostasis, resulting in decreased developmental competence.
Cys is the precursor of GSH [50] , which has been confirmed to be the main nonenzymatic defense system against oxidative stress in oocytes and embryos [19, [51] [52] [53] . In bovine oocytes, supplementation with Cys, but not N-acetyl-L-cysteine, catalase or superoxide dismutase during IVM improved embryonic development [54] . Supplementation with Cys at 1.14 mM and 2.28 mM during pig oocyte IVM has been reported to have a beneficial effect on blastocyst development [55] . However, in our experiment, addition of 1.14 mM Cys was detrimental to blastocyst formation compared to control (0.57 mM Cys) conditions. This discrepancy may be explained by differences in the maturation systems used in the two studies. In the previous study, NCSU23 with 10% porcine follicular fluid without addition of cysteamine and pyruvate was used. Cys is highly unstable and easily oxidized to cystine [43, 56] . We added 0.34 mM cysteamine and 0.2 mM pyruvate in our completely defined maturation medium. Cysteamine can reduce cystine to Cys, stabilize Cys, and promote Cys uptake into cells [44] . Pyruvate can be decarboxylated by H 2 O 2 to produce acetate, carbon dioxide, and H 2 0. It plays a role in protecting cells against oxidative stress as an extracellular antioxidant [57] . Therefore, addition of 1.14 mM Cys to our maturation medium, in addition to the existing antioxidants, may create an environment that is too reduced and inhibits oocyte developmental competence. This detrimental effect of extra Cys could be abrogated by adding a mild oxidative stress in the form of 1 mU/ml XOD to the maturation medium. It is likely that the free radicals generated by supplementing 1 mU/ ml XOD neutralized the excessive reducing agents and balanced the redox environment. When supplemented with 10 mU/XOD, oocyte nuclear maturation and blastocyst formation were both negatively affected, suggesting that this intensive oxidative stress has a deleterious effect on oocyte competence. This effect could be somewhat negated by adding extra Cys to the environment. Another interesting finding is that there were no differences in percentages of blastocyst development of cleaved embryos among treatments, suggesting that the negative effect of an unbalanced redox environment is primarily on oocyte maturation, fertilization and the first embryonic cleavage. However, we cannot rule out the possibility that redox environment during maturation has an effect on implantation or fetal development. Overall, these results demonstrate the importance of keeping the redox environment balanced during oocyte maturation. Excessive oxidative or reducing environments are both detrimental to oocyte developmental competence.
During IVM, total GSH content significantly increased, reaching the highest level at the MII stage. This finding is consistent with previous reports in mouse [58] , hamster [59] , and pig [51, 60] , indicating that GSH synthesis is active throughout maturation. Intracellular GSH accumulation protects oocytes against oxidative stress during the maturation period. GSH also facilitates male pronuclear formation after sperm penetration [60] . In addition, GSH synthesized during maturation may serve as a reservoir of antioxidant protection for embryo development until the blastocyst stage [59] . We also report that intracellular ROS concentration of porcine oocytes matured under control conditions decreases as GSH concentration increases during IVM. This is very similar to the in vivo situation, where H 2 O 2 is decreased in follicular fluid, while the total antioxidant capacity increases as follicle size increases [61, 62] . It is likely that increased GSH deposition neutralizes free radicals during IVM and causes the reduction of ROS. In this study, extra Cys supplementation did not increase GSH levels in oocytes, a finding supported by previous work [63] . It is possible that only a certain amount of small thiol compounds, such as Cys, can be used by oocytes to stimulate GSH synthesis. Oocytes in an oxidative environment (XOD10) contained a similar level of ROS as control oocytes, despite the fact that GSH was reduced in these treatment groups. This evidence suggests that these oocytes may have had to use more GSH to maintain normal ROS levels, leaving them at a disadvantage for dealing with oxidative stress during early embryonic development. Supplementation of additional Cys in the maturation medium did not increase total GSH content in oxidatively stressed oocytes, possibly because oocytes could not use the extra Cys to stimulate GSH synthesis quickly enough to rebuild GSH stores while combating the oxidative stress encountered. Additional Cys may also react with ROS in the medium directly and partially neutralize the oxidative environment. Thus, as we observed, addition of extra Cys alleviated excess oxidative stress in oocytes and partially rescued blastocyst development, even though GSH was not increased.
We found that intracellular ROS concentration was higher in more competent adult compared to less competent prepubertal IVM oocytes. This result suggests that ROS may play a role in supporting oocyte competence. The precise role of ROS in oocyte maturation is still controversial. It is well known that excessive ROS is detrimental to oocyte and embryo development [64, 65] . Several studies demonstrated negative correlations between follicular fluid ROS levels and successful in vitro fertilization (IVF) and pregnancy in humans [66, 67] . However, ROS also plays an important role in regulating proper cellular functions [68, 69] . It regulates various reproductive processes, including maintaining the proper function of sperm [70] , as well as being involved in spermoocyte interaction [71] . A transient increase of intracellular ROS level may signal meiotic resumption from diplotene arrest in mammalian oocytes [72] . In addition, ROS is indispensable for cumulus cell expansion, and ovarian production of ROS is an essential preovulatory signaling event [73] . In our study, ROS concentration was significantly decreased when extra Cys was added to the maturation medium. Extra Cys may result in an environment that is too reduced, inhibiting intracellular ROS levels during IVM. Decreased ROS in oocytes matured with extra Cys alone may contribute to the compromised blastocyst formation observed after IVF, suggesting that during IVM, the reduced environment that negatively impacts oocyte compe-YUAN ET AL.
tence may result in disruption of crucial ROS signaling pathways. In this study, we did not observe an increase in ROS concentration in the oocytes under oxidative stress. However, these oocytes consumed significantly more GSH to counteract the excessive ROS, and oocyte competence was compromised under these conditions as reflected by reduced blastocyst development.
In conclusion, we describe altered redox-related gene expression and increased GSH in prepuberty-derived oocytes matured in vitro, which suggests redox mechanisms are functioning inappropriately, contributing to the reduced developmental capacity of prepubertal oocytes in an IVM/ IVF/IVC system. We further demonstrate that a balanced redox environment is critical to successful oocyte maturation, in that an environment that is either too reduced or too oxidized reduces subsequent development. Prepubertal oocytes appear to be less able than adult derived oocytes to regulate their redox defense systems in the correct manner when faced with oxidative stress, particularly when the environment is too reduced. Future work will focus on understanding how ROS influences oocyte maturation and the compensatory antioxidant mechanisms within oocytes. The proper redox balance between antioxidants and ROS will be investigated not only in maturing oocytes but also in the culture environment, to optimize the culture medium for both prepubertal and adult derived oocytes and embryos.
